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Tensor force is an important component in the nucleon-nucleon interaction, nevertheless, the role of
the tensor force in the spin properties in finite nuclei is much less clear. In this report, we mainly
focus on our recent progress on this topic about the relativistic Brueckner-Hartree-Fock theory and
the corresponding tensor effects on the spin-orbit splittings in neutron drops. This will serve as an
important guide for future microscopic derivations of the relativistic and non-relativistic nuclear
energy density functionals.
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1. Introduction
This proceeding and the presentation given in the conference are mainly based on our recent
progress in the self-consistent relativistic Brueckner-Hartree-Fock (RBHF) theory for finite nuclei
[1, 2], the discovery of the tensor effects on the spin-orbit (SO) splittings in neutron drops [3, 4], and
the discussion on the spin symmetry in the Dirac sea [5].
To understand the nuclear energy density functionals in terms of nucleon-nucleon (NN) interac-
tion is one of the present frontiers in nuclear physics. As manifested by the quadrupole moment of
deuteron, the tensor force is one of the crucial components in the NN interaction [6]. For heavier
nuclei, the shell-model calculations showed that the tensor force plays an indispensable role in the
shell-structure evolution in exotic nuclei far away from stability [7]. Also since around 10 years ago,
intensive investigations on the impact of tensor forces have been carried out in the scheme of nu-
clear density functional theory (DFT), including both the non-relativistic and relativistic frameworks.
However, it is still difficult to pin down significant features in experimental data which are only con-
nected to the tensor forces and therefore suitable for an adjustment of their parameters, as reviewed
in Ref. [8].
For example, it was found in Ref. [9] that the two-proton separation energies of the N = 82
isotones can be reproduced only by the relativistic Hartree-Fock (RHF) theory with the effective
interaction PKA1, which includes the meson-nucleon tensor interactions generated by both the pi-
pseudovector and ρ-tensor couplings, whereas such two-proton separation energies cannot be repro-
duced by the relativistic mean-field (RMF) theory, i.e., the relativistic Hartree theory, which excludes
both tensor related couplings. This implies fingerprints of tensor effects could be found in such ob-
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servable related to the nuclear mass. In contrast, it was found in Ref. [10] that if one lets the piN
coupling strength as a free parameter to fit the nuclear masses on the nuclear chart globally, one
obtains the best fit with vanishing tensor forces.
Furthermore, evolution of the single-particle spectra was the main motivation for most of the
studies on the tensor effects during the past decade. Famous examples are the energy differences
between the 1h11/2 and 1g7/2 single-proton states along the Z = 50 isotopes as well as the energy
differences between the 1i13/2 and 1h9/2 single-neutron states along the N = 82 isotones [11]. These
empirical shell-structure evolutions could be described by the energy density functionals including
the tensor force, e.g., by the non-relativistic Skyrme Hartree-Fock (SHF) theory with the effective
interaction SLy5+T [12], and qualitatively by the RHF theory with PKO1 or PKO3 [13]. The tensor
forces were found to play important roles there, although in terms of tensor force the relativistic
scheme uses slightly different language from that in the conventional non-relativistic scheme [14,15].
However, in the context of DFT, the single-particle energies are only defined as auxiliary quantities.
In experiment, they are often fragmented and therefore only indirectly accessible. The fragmentation
is caused by the effects beyond mean field, i.e., by the admixture of complicated configurations, such
as couplings to the low-lying surface vibrations [16].
Another kind of observable deemed to be sensitive to the tensor force is the nuclear spin-isospin
excitation. For example, the spin-dipole resonances in 208Pb show a very special energy ordering
among different angular-momentum components [17], i.e., Ex(1
−) . Ex(2
−) < Ex(0
−), instead of the
normal one Ex(2
−) < Ex(1
−) < Ex(0
−). This could be described by the self-consistent SHF + random
phase approximation (RPA) calculations with the effective interaction SLy5+TW or T43 [18]. Never-
theless, such particular spin-dipole resonances in 208Pb cannot be reproduced by any self-consistent
relativistic RPA calculation so far, although the fully self-consistent RHF+RPA calculations repro-
duced nicely the spin-dipole resonances in another nucleus 16O [19, 20]. This remains a puzzle for
how to further improve the relativistic energy density functionals, in particular, the properties of their
tensor component.
Because of the above aspects, obviously, how to determine precise values for the strength param-
eters of the tensor forces in universal nuclear energy density functionals by a phenomenological fit to
experimental data in finite nuclei is still an open problem. In such a situation we propose to determine
these strengths from microscopic ab initio calculations based on the well known bare NN forces.
Very recently, we achieved for the first time the fully self-consistent RBHF theory for finite
nuclei [1, 2], and then we chose the systems of neutron drop to investigate and identify the essential
tensor effects [3]. Since the proton-neutron interaction is not involved, the equations for neutron drops
are much easier to be solved than those for finite nuclei. Therefore they have been investigated in the
literature by many different ab initio methods [21–28] and also by nuclear DFT [29].
2. Results and Discussion
Starting from the relativistic bare NN interaction Bonn A [30], the neutron drops confined in an
external harmonic-oscillator potential are investigated by using the RBHF theory. Special attention is
paid on the possible signature of the tensor force in the neutron-neutron interaction, i.e., the evolution
of the SO splitting with the neutron number. See Ref. [2] for the detailed formalism and Ref. [3] for
the numerical details.
First of all, we show in Fig. 1 the SO splittings of the 1p, 1d, 1 f , and 2p doublets of N-neutron
drops in a HO trap calculated by the RBHF theory. We can find a clear pattern from these ab initio
results. Each SO splitting decreases as the SO aligned orbital with j> = l + 1/2 is filled and reaches
a minimum when this orbital is fully occupied, and then the SO splitting increases as the SO anti-
aligned orbital with j< = l − 1/2 begins to be occupied and reaches a maximum when this orbital is
fully occupied. This pattern repeats as the number of neutron continues to increase.
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Fig. 1. (Color online) From top to bottom, spin-orbit splittings of the 1p, 1d, 1 f , and 2p doublets of N-
neutron drops in a HO trap with ~ω = 10 MeV, calculated by the RBHF theory with the relativistic bare
nucleon-nucleon interaction Bonn A. For comparison, (left) the results obtained by the RMF theory with the
effective interactions NL3, PK1, PKDD, DD-ME2, and PC-PK1, and (right) the results obtained by the RHF
theory with the effective interaction PKO1 with different piN coupling strengths characterized by λ. Taken from
Ref. [3].
Otsuka et al. [7] have found a similar effect between neutrons and protons in nuclei. They ex-
plained it in terms of the monopole effect of the tensor force, which produces an attractive interaction
between a proton in a SO aligned orbital with j> = l + 1/2 and a neutron in a SO anti-aligned orbital
with j′< = l
′
−1/2, and a repulsive interaction between the same proton and a neutron in a SO aligned
orbit with j′> = l
′
+ 1/2. They also pointed out that a similar mechanism, but with smaller amplitude,
exists also for the tensor interaction between neutrons in the isovector T = 1 channel [7].
That is exactly what is seen in the figure. For instance, the SO splitting of the 1d doublets de-
creases from N = 20 to N = 28, because the interaction with the neutrons filling into the 1 f7/2 shell
above N = 20 shifts the 1d5/2 orbital upward and the 1d3/2 orbital downward. Above N = 28, the
neutrons filling into 2p1/2 and 1 f5/2 interact with the 1d-neutrons in the opposite way, and thus in-
crease the SO splitting. In other words, a clear signature of the tensor effect on the SO splitting in
neutron drops is identified, for the first time, in the pure relativistic scheme. Such a clear tensor effect
can be served as a benchmark for the existing relativistic energy density functionals as well as as an
important guide for their future developments.
In the left panel of Fig. 1, we show the SO splittings of the same neutron drops calculated by
various RMF energy density functionals, including the nonlinear meson-exchange models NL3 [31]
and PK1 [32], the density-dependent meson-exchange models PKDD [32] and DD-ME2 [33], and the
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nonlinear point-coupling model PC-PK1 [34]. It is seen that none of the results is able to reproduce the
specific evolution pattern of the SO splitting generated by the ab initio RBHF calculations, because
it is known that there is no tensor component in the RMF energy density functionals.
In the right panel of Fig. 1, we show the same results calculated by the RHF theory with the
density-dependent meson-exchange model PKO1 [35], which includes the tensor interaction gener-
ated by the pi-pseudovector coupling. It is seen that the specific evolution pattern of the SO splitting
by the RBHF theory can now be clearly reproduced, although the size of the effect is somewhat too
small. This can be understood by the fact that in the original fit of PKO1 [35] only the information of
nuclear mass was used, and thus the strength of the tensor force was basically out of control [10].
In order to have more quantitative ideas on the proper strength of the tensor force, we multiplied
a factor λ in front of the piN coupling, whereas other parameters in PKO1 remain unchanged. It is
seen that the size of the tensor effect does significantly depend on the value of λ, where the cases of
λ = 0.7, 1.0, and 1.3 are shown in the figure. With λ = 1.3, the specific evolution pattern of the SO
splitting generated by the ab initio RBHF calculations can be nicely reproduced. In such a way, the
ab initio calculations will guide the complete fit of the RHF energy density functionals in the near
future.
3. Summary and Perspectives
We have studied the systems of neutron drop confined in an external HO potential using the
RBHF theory with the relativistic bare NN interaction. It was found that the SO splitting decreases
as the SO aligned orbital with j> = l + 1/2 is being occupied, and increases again as the next SO
anti-aligned orbital with j< = l − 1/2 being occupied. This is similar to the effects of the tensor
forces between neutrons and protons found in Ref. [7]. Such a specific pattern is not restricted to a
specific mass region. It is generally valid for all the neutron numbers 4 ≤ N ≤ 50 under investigation.
Therefore, we can expect that a similar feature is valid also for realistic nuclei all over the nuclear
chart.
This evolution pattern of the SO splitting can be reproduced by the RHF energy density functional
with the tensor force, or even perfectly by readjusting a single parameter λ for the tensor coupling
strength, but cannot be reproduced by any RMF energy density functional. In addition, it is important
to remark that in the RBHF theory there are no higher-order configurations, which means the effects
like particle-vibrational coupling [16] are not included in these meta-data. This allows to adjust the
tensor force to these meta-data without the ambiguity of additional effects, because these effects are
neither included in the present concept of nuclear DFT, nor in the present RBHF calculations.
Based on these recent progress, the ongoing research with different strategies include: (1) to carry
out a complete fit of relativistic energy density functional by taking into account the experimental data
of nuclear masses and radii, as well as these ab initio meta-data of the SO splittings in neutron drops
to control the strength of the tensor force; (2) to carry out a fit in each spin-isospin channel by using
each spin-isospin density distribution generated by the ab initio calculations, where the Kohn-Sham
single-particle potentials and orbitals can be uniquely determined from the density distributions by
the inverse Kohn-Sham method [36]; (3) to derive the energy density functional directly from the bare
NN interactions in an ab initio way [37].
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